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ABSTRACT: Active gully systems developed on highly weathered or loose parent material are an important source of runoff and
sediment production in degraded areas. However, a decrease of land pressure may lead to a return of a partial vegetation cover,
whereby gully beds are preferred recolonization spots. Although the current knowledge on the role of vegetation on reducing
sediment production on slopes is well developed, few studies exist on the significance of restoring sediment transport pathways
on the total sediment budget of degraded mountainous catchments. This study in the Ecuadorian Andes evaluates the potential
of vegetation to stabilize active gully systems by trapping and retaining eroded sediment in the gully bed, and analyses
the significance of vegetation restoration in the gully bed in reducing sediment export from degraded catchments. Field
measurements on 138 gully segments located in 13 ephemeral steep gullies with different ground vegetation cover indicate that
gully bed vegetation is the most important factor in promoting short-term (1–15 years) sediment deposition and gully stabilization.
In well-vegetated gully systems ( ≥ 30% of ground vegetation cover), 0.035 m³ m–1 of sediment is deposited yearly in the gully
bed. Almost 50 per cent of the observed variance in sediment deposition volumes can be explained by the mean ground
vegetation cover of the gully bed. The presence of vegetation in gully beds gives rise to the formation of vegetated buffer zones,
which enhance short-term sediment trapping even in active gully systems in mountainous environments. Vegetation buffer zones
are shown to modify the connectivity of sediment fluxes, as they reduce the transport efficiency of gully systems. First calculations
on data on sediment deposition patterns in our study area show that gully bed deposition in response to gully bed revegetation
can represent more than 25 per cent of the volume of sediment generated within the catchment. Our findings indicate that
relatively small changes in landscape connectivity have the potential to create strong (positive) feedback loops between erosion
and vegetation dynamics. Copyright © 2009 John Wiley & Sons, Ltd.
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Introduction
Mountain ecosystems in developing countries are suffering
from rapid land-use/land-cover change, induced by demographic
growth and socio-economic development (Kammerbauer and
Ardon, 1999; Vanacker et al., 2003). Given their steep
topography and shallow soils, they are particularly vulnerable
to accelerated runoff and soil erosion (Harden, 2001). To
assess the effect of rapid land-use/land-cover change on the
hydrological and geomorphological functioning of these
ecosystems, it is paramount to understand the effect of
vegetation on the transfer of water and sediment from slopes
towards intermittent or permanent river systems.
Relatively small changes in land use or cover can have
major implications on sediment production and delivery at
the catchment scale (Vanacker et al., 2005). First, vegetation
cover exerts a non-linear control on geomorphological processes
controlling production and transfer of water and sediment.
Empirical equations established for splash, rill and inter-rill
erosion at the plot scale indicate that soil erosion rates decrease
exponentially with increasing vegetation cover (see, Gyssels
et al. (2005) for an overview). At the scale of small catchments
(1–25 km²), a similar negative exponential relationship between
the average sediment yield and the fractional vegetation cover
has been observed (Vanacker et al., 2007; Molina et al., 2008).
This implies that a relatively small increase in vegetation cover
(10–25%) can lead to a significant (60%) decrease in short-term
sediment yield (Molina et al., 2008). This negative exponential
relationship found at the scale of experimental plots and small
catchments is also assumed in analytical and numerical
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approaches that highlight the influence of vegetation cover
on geomorphological processes by reducing sediment transport
rates due to soil creep processes (Istanbulluoglu and Bras, 2005).
Numerical modelling of the effects of coupled vegetation–
erosion dynamics on long-term landscape evolution indicated
that the presence of vegetation not only mitigates erosion and
sedimentation, but also controls local topography. Under the
action of fluvial erosion bare landscapes typically evolve
towards a highly dissected, low-relief topography typical of
badlands. Model results suggest that the presence of vegetation
reduces runoff erosion and soil creep, resulting in steeper
landscapes with a lower drainage density (Collins et al., 2004;
Istanbulluoglu et al., 2004). More recent work by Istanbulluoglu
and Bras (2005) has shown that natural vegetation disturbances,
e.g. by fire, can also have an important effect on the long-term
development of landforms. Vegetation disturbance can contribute
to the formation of a highly dissected landscape with signi-
ficantly lower relief than landscapes evolving under a static,
undisturbed vegetation.
Not only total vegetation cover is important, but also its spatial
distribution. Landscape structure controls the connection and
disconnection of water and sediment fluxes in the landscape
(Vanacker et al., 2003; Seibert and MacGlynn, 2005). Any
spatial reorganization of land units that is modifying the
spatial distribution of sediment sources and sinks within the
catchment can have major effects on the transfer of water and
sediment downslope. It is therefore not surprising that the
establishment of vegetated buffer zones on hillslopes or in valley
floors has been shown to be an effective means of erosion
control for agricultural areas. Experiments with grassed buffer
strips, vegetated filter strips and grassed waterways in rolling
and hilly agricultural areas have pointed to the potential
beneficial effect of vegetated buffer zones on geomorphological
and hydrological connectivity by reducing transfer of runoff
and sediment fluxes in the landscape (e.g. Abu-Zreig, 2001;
Mersie et al., 2003; Le Bissonnais et al., 2004; Fiener and
Auerswald, 2006). However, many of these studies rely on
idealized experimental designs and may therefore overestimate
the effect of along-stream buffer strips under real landscape
conditions (Verstraeten et al., 2006).
The vegetation control on slope processes is critical in
badlands, as their low vegetation cover and reduced soil
development often result in rapid generation of overland flow
on the gully slopes, which is transported efficiently downslope
through a dense network of active gullies leading to a rapid
and sharp hydrological response (Sole-Benet et al., 1997).
Restoration projects in degraded environments often target on
badlands as being important sources of runoff and sediment
production (Martínez-Casasnovas et al., 2003; Molina et al.,
2007). The spatial distribution of vegetation within badlands
may strongly affect runoff dynamics and sediment yield.
Experimental results by Rey (2003, 2004) in forested marly
gullies in the French Southern Alps highlighted the ability of
vegetation barriers established in steep gully beds to trap eroded
material and intercept runoff water. In the experimental
catchments studied by Rey (2004), sediment yield was not
related to the overall vegetation cover of the catchment but
to the vegetation cover on the gully beds. Experiments using
afforestation and bio-engineering works to stabilize active
gully systems have shown that gully bed revegetation can be
an efficient means to reduce the sediment and water transport
efficiency, as it protects the gully bed against erosive agents,
enhances infiltration and improves physical and chemical soil
properties (Prosser and Slade, 1994; Rey et al., 2005).
Thus, there are clear indications that the presence of vegeta-
tion cover on gully beds may significantly reduce sediment
yield. However, little is known about the importance of gully
bed vegetation over a longer time span in comparison with other
controlling factors such as topography and lithology. Few field
data on the effects of vegetation on sediment transport in gullies
exist for validation of coupled vegetation–erosion numerical
models.
The aim of this field study is to gain new insights in the
effectiveness of gully bed vegetation in trapping and retaining
eroded sediment in highly degraded ‘badland’ environments
and to improve our understanding of the influence of vegetation
on gully bed sediment deposition in comparison with other
factors such as local slope gradient and drainage area. We
hypothesize that revegetation of active gully systems may
reduce the transfer of runoff and sediment generated in the
upstream area to the river system, and may enhance sediment
transmission loss in vegetated gully systems.
Materials and Methods
Study area and field sites
The field sites are situated in the central part of the Cuenca
intermontane basin (southern Ecuadorian Andes, Figure 1).
The landscape in this area developed predominantly on late
Tertiary volcanic and sedimentary deposits, often poorly
consolidated and deeply weathered (Hungerbühler et al.,
2002). Its slope morphology is characterized by a relatively
high drainage density and moderately to deeply dissected
V-shaped valleys. Slopes are generally steep (about one-third
of the area has slopes steeper than 40%), and deeply incised
by a dense network of small ephemeral streams. The region has
a tropical mountain climate (Dercon et al., 1998). Average
monthly air temperatures show little seasonal variation (between
15 °C in January and 14 °C in August in Cuenca, at 2530 m
a.s.l.), and the rainfall regime is bimodal with two rainy
seasons, registering between 600 and 1000 mm of annual
precipitation, with the highest rainfall intensities during the
rainy season between January and May. The maximum 24-
hour rainfall intensity for a 5-year return period measured at
the station of Cochapamba-Quingeo, located in the central
part of Cuenca basin, is about 42 mm day–1 (Baculima et al.,
1999).
The central part of the Cuenca inter-Andean basin, which
has favourable climatic and topographic conditions for the
development of agriculture, is densely populated and intensively
cultivated (White and Maldonado, 1991). Rapid socio-economic
and demographic growth resulted in a very dynamic land use
system, which is now dominated by agricultural and residential
land use. Natural forest was increasingly converted to arable
land or rangeland to augment agricultural production. In a later
stage, agricultural lands affected by intense soil erosion and
gully development were abandoned (Vanacker et al., 2003).
As a response to the growing demand for firewood and timber,
reforestation with quick growing exotic species has taken place
on highly degraded land since the early 1970s. Such reforested
areas are often entirely stabilized, with current erosion rates
close to natural, long-term (103–104 years) erosion rates as
determined using cosmogenic radionuclides (see Vanacker
et al. (2007) for more information). In addition to these reforesta-
tion projects, the decline of grazing pressure favoured natural
colonization by herbs and shrubs of some gully systems. When
spontaneous revegetation occurs, the distribution of vegetation
is not random. Gully beds are first colonized by grasses and
shrubs (Figure 2). This is not surprising, as gully beds collect
water and will therefore be more moist than the hillslopes.
Furthermore, plants may benefit from nutrients present in the
runoff water and/or in the sediment they trap (Rey et al., 2005).
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Field observations indicate that the combination of reforesta-
tion and restoration of grassy and shrubby ground vegetation
favours rapid stabilization of active gully systems (Vanacker
et al., 2003). On the one hand, woody vegetation such as
native or exotic tree plantings of Alnus jorullensis, Eucalyptus
globulus, and Pinus radiata produce deep and wide root systems
anchoring the subsoil and weathered bedrock. On the other
hand, grassy and shrubby plant species with dense, shallow
root systems enhance and anchor sediment deposition in the
gully bed. Shrubs composed of Cortaderia rudiuscula (locally
called zig-zal), Spartium junceum (locally called retama) and
Baccharis polyantha (locally called chilca) are an important
component of the understorey vegetation, and often colonize
spontaneously abandoned land. The roots of these shrubs
spread out both horizontally and vertically over considerable
distances, thereby strengthening and stabilizing gully slopes
and floors. Underneath the shrubby canopy, stands of grass and
weeds composed mainly of Pennisetum clandestinum (locally
called kikuyu), Holcus lanatus (locally called grama), Festuca
megalura (locally called pajilla) and Cynodon dactylon (locally
called grama de la virgen) are established. These species are
characterized by a high root density in the upper layers (0–25 cm).
Observations were carried out on 13 small ephemeral gullies,
located in highly eroded sites that have been developed on
poorly consolidated and deeply weathered argillites, argillaceous
sandstone/siltstone and volcanic deposits. The time of formation
of this small-scale badland topography is not known at present,
and most of them pre-date the first aerial photographs (1962)
of the area. Their length varies between ~ 40 m and ~ 100 m,
and they drain an upstream area of 287 to 1009 m². Gullies
were selected based on the density and age of the gully bed
vegetation so that a wide range of vegetated gully systems
could be included in the analysis (Figure 2). Recently (i.e. 1–
15 years) revegetated gully systems were preferentially selected,
as this facilitated estimating the age of the vegetation. The
average ground vegetation cover of the gully bed ranges from
3 to 77 per cent. The vegetation cover mainly consists of grasses
(Cynodon dactylon, Holcus lanatus, Pennisetum clandestinum,
Festuca megalura), shrubs (Spartium junceum, Baccharis poly-
antha, Cortaderia rudiuscula), and, in some gullies, of a tree
layer (Eucalyptus globulus or Alnus jorullensis). The morphology
of the 13 gullies is quite variable: average slopes of the gully
bed range from 14 to 56 per cent.
Field monitoring and measurements
Data were acquired using field surveys and from 10-m resolution
digital elevation models (DEM). We measured the charac-
teristics of the gully bed, particularly its ground and canopy
cover, sediment accumulation and local slope gradient for the
13 ephemeral gullies in the field. Each gully was divided in 5-m
Figure 1. Location of the 13 surveyed ephemeral gullies (white dots) in the southern Ecuadorian Andes.
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length segments, and a total of 138 segments were monitored
and described. The ground vegetation cover of each segment
was estimated visually in the field and was determined as the
percentage of the surface area of the gully bed that is covered
by grassy, or shrubby vegetation or trees. Pictures were taken
for each segment to document the type and density of the gully
bed vegetation. The drainage area, A, was determined for each
segment by locating the gully segments on the DEM using
GPS coordinates collected in the field and then measuring
the upstream contributing area.
Gully channels in these highly eroded environments typically
incise into weathered bedrock. As such, the volume of sediment
Figure 2. Three examples of surveyed ephemeral gullies, each one with different type and density of vegetation: (A) Carmen del Jadan1; (B)
Jadan1; (C) San Miguel2 (see Table I). This figure is available in colour online at www.interscience.wiley.com/journal/espl
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accumulated in the gully bed can be quantified from meas-
urements of the width, W, and length, L, of the unconsolidated
sediments deposited in the gully bed using a measuring tape,
and measurements of the depth, D, of deposition using a soil
hand auger. Measurements were made at 5-m length intervals.
The volume of sediment accumulated in each segment, i, of
the gully bed, Vi (m³), was calculated as follows
(1)
where i is the segment number, Li is the segment length (m),
Wi is the sediment width at the beginning of segment (m), and
Di is the sediment depth at the beginning of segment (m).
Sediment volumes (m³) were transformed to volumes per unit
gully length, and the sediment deposition volume per unit
gully length, VUi (m³ m
–1), of each gully segment was used for
further analyses (Table I);
(2)
For each gully system, the mean annual sediment deposition
rate per unit length, VUyr (m³ m
–1 yr–1), was then estimated
by dividing the mean sediment deposition volume per unit
length of each gully system consisting of n gully segments,
(m³ m–1), by the time period, Δt (years), during which
sediment deposition took place (Table I). This period was
estimated from the age of the vegetation that was established
in the gully bed, assuming that deposition started soon after
revegetation of the gully bed; 
(3)
The age of the gully vegetation was estimated after multiple
interviews with local residents, in combination with field
assessments of plant height and canopy diameter. Aerial
photographs of 1995 were used to cross-check the vegeta-
tion age (i.e. older than 10 years). Taking into account the
errors on the vegetation age (accuracy of about 1 year) and
sediment deposition (accuracy of ca. 20%) estimates, we
consider the errors on the estimated annual sediment deposi-
tion rates per unit length to be ca. 30 per cent.
Analysis of sediment deposition and storage in 
steep gullies
Sediment transport in self-formed channels is often described
by sediment transport laws, which relate sediment transport
and deposition to changes in sediment transport capacity,
Qs. In general, the capacity of a channel to transport sediment
can be described as a power function of discharge (or drainage
area, A, used as a proxy for flow discharge) and local channel
slope, S; or of shear stress (Kirkby, 1971): 
Qs = K1A
mSn (4)
Qs = K2(τ − τc)
p (5)
where τ is the average bottom shear stress, τc is the critical
shear stress for incipient motion, K1 and K2 are constants that
are a function of runoff, channel geometry, flow hydrology
and hydraulics and hence a function of vegetation cover; and
m, n and p are empirical constants and thought to vary with
different erosional processes (Howard and Kerby, 1983). When
the sediment transport capacity of the flow is exceeded, for
example due to a reduction in channel slope or an increase
in channel roughness by vegetation, sediment deposition is
likely to occur. Sediment deposition is then a function of
the difference between sediment supply to the channel and
sediment transport capacity in the channel (Foster, 1982;
Willgoose et al., 1991; Morgan et al., 1998).
Hillslope erosion models commonly represent the transport
capacity of overland and rill flow by adopting bedload
equations developed from observations for alluvial rivers
and channels with gentle slopes and low shear stress. Their
applicability for self-formed gullies on steep slopes can be
questionable. Istanbulluoglu et al. (2003) calibrated a physically-
based transport model for sediment transport in gullies on
steep topography and found that sediment transport capacity
in this steep, high shear stress environments is a non-linear
function of shear stress with p = 3, corresponding to drainage
area and slope constants of m = 2·1 and n = 2·25 in Equation 4.
They suggest a greater non-linearity in the sediment transport
function for gullies on steep topography than that assumed
V L
W W D D
i i
i i i i
= ×
+
×
++ +1 1
2 2
Table I. Summary of field measurements in 13 ephemeral steep gullies, with indication of their morphological and sedimentological characteris-
tics, ground vegetation cover and type (E, Eucalyptus; S, shrubs; A, alder; P, pine; G, grass), and plant age
Location
Gully bed 
length (m)
Average 
gully bed 
slope (%)
Average 
vegetation
cover (%)
Vegetation
type
Plant age
(years)
Average sediment 
deposition volume 
per unit length (VU)
(m³ m–1)
Mean annual sediment 
deposition rate per unit 
length (VUyr) (m³ m
–1 yr–1)
Deleg 58·0 26 24 E, S 7 0·16 0·02
Burgay 48·0 20 19 E 8 0·28 0·04
Carmenjadan 53·0 42 30 S, G 7 0·15 0·02
Monjas 93·0 26 4 S 1 0·04 0·04
Carmenjadan1 43·0 23 70 A, S 8 0·33 0·04
Carmenjadan2 40·5 18 24 P, S 8 0·11 0·01
Jadan1 39·0 56 77 S, G 10 0·57 0·06
Jadan2 50·0 55 43 S, G 10 0·44 0·04
Mosquera1 57·0 40 35 E, S 4 0·17 0·04
Mosquera2 51·0 27 12 E, S 1 0·05 0·05
Quingeo 56·0 14 59 E, S 12 0·24 0·02
Sanmiguel1 57·5 27 34 E, S 10 0·18 0·02
Sanmiguel2 59·0 34 3 S 1 0·03 0·03
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in most existing erosion models. For a detailed description of
the calibration of the sediment transport equation for steep
environments, we refer to Istanbulluoglu et al. (2003). We use
the observed data on sediment deposition patterns in gully beds
to analyse the factors controlling local sediment deposition
in steep gullies. To isolate the effect of vegetation from the
effects of variations in gully topography, we first examined the
observed deposition patterns in relation to key topographic
variables that are likely to control spatial divergence/convergence
of sediment flux. Following Tucker and Whipple (2002) and
Istanbulluoglu et al. (2003), we use downstream change in
A2·1S2·25 along the gully channel to assess the effect of variations
in gully topography on local transporting capacity. The com-
pilation of our field measurements consisting of 138 local
observations of sediment volume per unit gully length (Vi/Li),
together with measurements of local ground vegetation cover,
channel slope gradient and calculations of drainage area provide
an appropriate database to test the significance of these
relationships. The dependency of sediment deposition on
these parameters was tested using univariate and multivariate
statistical analyses. Correlation analysis was performed on
each pair of response and explanatory variables in order to
evaluate the magnitude and type of association, and a
regression model for predicting sediment deposition in the
gully bed was fitted to the data.
Estimation of potential sediment storage for 
restored catchments
The importance of vegetated gully systems as potential sediment
sinks was estimated by assuming that (i) gully beds of vegetated
gully systems are first colonized, as they collect water and tran-
sport nutrients beneficial for the germination of grasses and herbs,
and that (ii) the processes observed at the 13 ephemeral
gullies are representative for short-term gully stabilization and
sediment deposition of active gully systems following vegetation
restoration. The average values of annual sediment deposition
per unit length that were obtained for the 13 individual ephemeral
gullies were used for area-wide interpolation.
For 17 small-sized catchments (0·04–16·12 km²), we made a
first estimate of the trapping efficiency of vegetated gully systems
by estimating the sediment storage ratio, i.e. the fraction of
the total sediment potentially generated in the system that can
be stored in the gully bed. These catchments were extensively
surveyed in 2003 and 2005, and detailed information on
mean annual short-term sediment yields, SY (m³ yr–1), ground
and canopy vegetation cover and land cover (Figure 3) is
readily available (Vanacker et al., 2007; Molina et al., 2008).
The amount of sediment that is annually generated in a
catchment (PSGR – potential sediment generation rate), was
estimated by adding up the mean annual sediment yield
measured at the outlet of the catchment and the potential
annual sediment storage in vegetated gully beds (Table II).
The latter, ST, was calculated by multiplying the surface area
of restored gully systems (here defined as those gully systems
with presence of vegetation in the gully bed), A, by the average
gully density, Dd, and the mean annual sediment deposition
rate per unit gully length for vegetated gullies (Table II); 
(6)
The first parameter, the mean annual sediment deposition rate
per unit gully length was estimated by taking the average of
the mean annual sediment deposition rates per unit length for
vegetated gullies (here defined as gully systems having gully
beds with ≥30% of ground vegetation cover, n = 7; Table I).
The second one, the surface area of restored vegetated gully
systems within the catchment, A, is the only parameter that is
catchment-dependent. It is derived from 1/10 000 land-cover
maps of the region (Molina et al., 2008; Figure 3).
The third parameter, the average drainage density of
unvegetated gully systems in the region, Dd (km km
–2), was
derived from orthorectified aerial photographs with a scale
of ~ 1/25 000 (1973) by measuring the total stream length per
unit area for three active, i.e. bare, gully systems (Figure 4);
(7)
Figure 3. Land cover map of the Turupamba3 catchment established using aerial photographs (Molina et al., 2008), from which the area of
vegetated gully systems was derived. This figure is available in colour online at www.interscience.wiley.com/journal/espl
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where Lt is the total length of channels (km) within the area
S (km²; Horton, 1932, 1945). An average drainage density of
bare gully systems of 30 km km–2 was obtained for the region.
This value is considered to be representative for unvegetated
badlands developed in highly weathered volcanic and sedi-
mentary deposits. As this value might be considered low for
bare, highly dissected badlands (cf. gully drainage densities
of 30–140 km km–2 in Japanese bare lands; Lin and Oguchi,
2004); the values of sediment storage reported here are probably
conservative estimates of the potential sediment storage in gully
systems following vegetation restoration.
Results
Factors controlling sediment deposition in gully 
beds
Data on the volume of sediment deposited in the gully bed,
Vi /Li (m³ m
–1), indicate that gully bed deposition is highly
variable between individual gully segments. The highest
sediment deposition volume, 0·932 m³ m–1, was observed for
a gully segment where the gully bed was entirely covered by
vegetation (ground vegetation cover of 100%), and the lowest
observed sediment volume, 0·003 m³ m–1, for an unvegetated
gully segment (ground vegetation cover of 0%). For vegetated
gully systems (here defined as gully systems having gully beds
with ≥30% of ground vegetation cover), we estimated the
mean annual sediment deposition rate per unit gully length to
be ca. 0·035 m³ m–1 yr–1.
Local variations in gully topography, here approximated as
downstream change in A2·1S2·25, are very weakly correlated
with local sediment deposition patterns (r = 0·07, Table III). In
contrast, sediment deposition patterns are highly correlated
with the ground vegetation cover of the gully bed. Vegetation
cover exerts the strongest influence on sediment deposition
and has the highest predictive power (Figure 5): 49 per cent
of the observed variance in sediment deposition volumes has
been explained by the ground vegetation cover of the gully
bed (Table III).
Potential sediment storage in vegetated gully 
systems
The presence of vegetation in the gully bed clearly induces
sediment deposition and gully stabilization. From our field
measurements, it can be tentatively estimated that sediment
volumes between 0·01 and 0·06 m³ per unit gully length are
deposited yearly on vegetated gully beds (Table I). Based on
our measurements, we estimate that, on average, 0·035 m³ of
sediment per unit gully length is deposited yearly in vegetated
gully systems (≥30% of ground vegetation cover). This informa-
tion was used to estimate the importance of vegetated gully
beds as sediment sinks for 17 small catchments for which
sediment yield data were readily available (Vanacker et al., 2007;
Molina et al., 2008). Mean annual sediment yields at the outlet
of the catchments are varying over three orders of magnitude.
For each catchment, we estimated the potential sediment
storage in revegetated gully beds following Equations 6 and
7. As we used average values for the mean annual sediment
deposition rates per unit length, and made conservative
estimates of the average drainage density of gully systems,
the potential storage values reported here are conservative
estimates of potential sediment storage in gully systems after
vegetation restoration in southern Ecuador. Estimates of total
annual sediment storage in the catchments vary by several orders
Table II. Data on sediment yield and potential sediment storage for 17 catchments
Catchment
Catchment
area (km²)
Area of 
vegetated
gully 
systems
(km²)
Percentage 
of catchment
area with 
vegetated 
gullies (%)
Mean 
annual 
sediment 
yield
(m³ yr–1)
Mean annual 
specific 
sediment yield 
(m³ km–2 yr–1)
Potential 
sediment 
storage (ST)
(m³ yr–1)
Potential 
specific
sediment 
storage 
(m³ km–2 yr–1)
Potential 
sediment
generation 
rate (PSGR)
(m³ yr–1)
Sediment 
storage
ratio (%)
Caldera 1·48 0·64 43 16 274 10 996 672 454 16 946 4
Autopista 0·04 0·01 25 403 10 075 8 203 411 2
Belga 9·42 1·06 11 1 038 110 1113 118 2 151 52
Peste 7·12 0·14 2 780 110 147 21 927 16
Agupancay 16·12 0·64 4 2 651 164 672 42 3 323 20
Llanapay 4·56 0·26 6 247 54 273 60 520 53
Quingeo1 7·35 0·01 0·1 1 891 257 14 2 1 905 1
Quingeo2 4·28 0·04 1 2 133 498 42 10 2 175 2
Quingeo4 11·45 0·23 2 7 116 621 242 21 7 358 3
Turupamba1 2·90 0·20 7 3 781 1 304 209 72 3 990 5
Turupamba2 3·30 0·26 8 3 009 912 271 82 3 280 8
Turupamba3 5·47 0·71 13 5 100 932 746 136 5 846 13
Salado1 1·31 0·04 3 1 020 779 42 32 1 062 4
Salado2 1·94 0·10 5 2 234 1 152 105 54 2 339 4
Monjas 1·12 0·03 3 99 88 32 28 131 24
San Juan 1 2·08 0·40 19 1 633 785 419 201 2 052 20
Negra 3·36 0·13 4 2 250 670 137 41 2 387 6
Table III. Pearson correlation coefficient between sediment deposi-
tion, and local gully topography, downstream change in A2·1S2·25 and
vegetation cover for all 138 gully segments
Explanatory variables
Correlation
coefficients p value
Ground vegetation cover C 0·70 <·0001
Local gully bed slope S 0·24 0·004
Upstream drainage area A –0·11 0·191
Downstream change 
in A2·1S2·25
A2·1S2·25 0·07 0·434
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of magnitude: values range from ~ 8 to ~ 1113 m³ yr–1 depending
on the surface area of restored gully systems (Table II).
The importance of gully bed sediment deposition for the
overall sediment budget depends on the extent and severity
of erosion in the upstream drainage area, and the fraction of
the active gully systems that is restored. For two catchments
(Llanapay and Belga), estimates of the mean annual sediment
storage in vegetated gully systems are higher than the mean
annual sediment yields measured at the outlet of the catchment.
Four catchments (Peste, Agupancay, Monjas and San Juan1)
show moderate sediment storage ratios of 16 to 24 per cent.
The remaining catchments have ratios lower than 13 per cent.
Figure 4. Aerial photograph of active gully system, taken in 1973 at 1/25 000 scale. The drainage density was estimated by measurements of the
total stream length per unit area.
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Discussion
Physical mechanisms of sediment deposition in 
gully beds
Geomorphological models of drainage basin evolution by
overland flow typically focus on topographic variables such
as the upstream drainage area, A, generally used as a proxy
for runoff amount or discharge, and the channel slope, S, as
key predictive parameters for sediment detachment and/or
transporting capacity (Willgoose et al., 1991; Collins et al., 2004).
As a general rule, the sediment transport capacity within a
gully will increase more rapidly with drainage area than the
sediment supply to the gully, or else gully formation would
not be possible. Yet, this assumption may no longer hold
once gully beds are vegetated. Vegetation growth in active
gully channels will decrease the sediment transport capacity
of the flow firstly by reducing its average velocity and
absorbing a portion of the boundary shear stress, and secondly
by reducing runoff amounts through runoff transmission
losses. A sudden drop in sediment transport capacity because
of vegetation growth may then lead to deposition of the
sediment entering the vegetated channel reach.
To improve our understanding of the physical mechanisms
controlling sediment deposition in steep gullies, we first isolated
the effect of vegetation from the effects of local variations
in key topographic variables that are likely to control spatial
divergence/convergence of sediment flux. The effect of local
variations in gully topography on sediment deposition was
analysed by plotting the observed sediment deposition values
against the downstream changes in A2·1S2·25 following Istan-
bulluoglu et al. (2003). Figure 6 and Table III indicate that
there is a very weak correlation between observed sediment
deposition patterns and expected deposition patterns purely
based on key topographic variables, such as local variations
in A2·1S2·25. Thus, local sedimentation rates are not related to
topographically induced variations in sediment transporting
capacity.
Local sediment deposition in steep vegetated gullies is
observed even when the sediment transport capacity purely
Figure 5. Scatterplot of the mean sediment deposition volume per unit gully length (m³ m1) against the average ground vegetation cover of the
gully bed (%).
Figure 6. Observed sediment deposition as a function of downstream change in A2·1S2·25 used as a surrogate for topographically controlled
change in sediment transport capacity at surveyed gully segments. Positive values of Δ (A2·1S2·25) correspond to downstream increases in
topographically controlled sediment transport potential. The presence of observations on the right-hand side of the graph indicates that local gully
topography alone cannot explain the observed deposition patterns.
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based on local topographic controls, such as A2·1S2·25, is
expected to increase; this observation holds for different gully
bed densities (Figure 7). Therefore, the lack of correlation
with variations in sedimentation volume with variations in
A2·1S2·25 cannot be attributed to a covariation of gully bed
vegetation density and topography.
Our data indicate that vegetation plays a key role in controll-
ing sediment deposition in steep gully beds. Sediment deposi-
tion volumes measured in 138 gully segments are positively
and strongly correlated to the ground vegetation cover (Table III).
We were not able to identify other significant relationships:
apparently, the influence of vegetation overwhelms any other
factors that may control sedimentation rates.
Similar results were obtained from a statistical analysis of
within-gully variations in sediment deposition. Topographic
variables such as upstream drainage area, channel slope and
downstream change in A2·1S2·25 are significantly related to
sediment deposition volumes in only a few cases (Table IV).
On the contrary, variations in vegetation cover are found to
have a significant effect on variations in sediment deposition
volumes in 7 out of 13 gullies. Interesting to note is that
sediment deposition in the unvegetated, steep gully of San
Miguel2 (average ground vegetation cover of 3%) is strongly
negatively correlated with the downstream change in A2·1S2·25
(r = –0·59, n = 11; Figure 8). In this active gully system, the
steep gully bed efficiently transports eroded material downslope
and sedimentation volumes are very small over much of its
length. Only when the channel gradient drops below 36 per
cent, is the sediment transport capacity exceeded and sediment
is deposited in the gully bed. In the absence of vegetation,
sediment deposition patterns are mainly controlled by key
topographic variables.
Vegetation induces gully bed sedimentation
Our field measurements indicate that the presence of her-
baceous and shrubby vegetation in gully beds gives rise to the
formation of vegetated buffer zones, which enhance sediment
trapping even in active gully systems in mountainous environ-
ments (gully bed slopes >10%), also over longer time spans
than considered in previous studies by Rey (2003, 2004). This
Figure 7. Relationship between sediment deposition, downstream change in A2·1S2·25 and ground vegetation cover of the gully bed. The degree
of ground vegetation cover is displayed using three consecutive classes: (<15%), (15–65%); and (>65%). Note that sediment deposition values are
plotted on a logaritmic scale.
Table IV. Correlation coefficients between sediment deposition volumes, and local vegetation cover,
local gully bed slope, upstream drainage area and downstream change in A2·1S2·25. Correlation coeffi-
cients are given when they are significant at the 0·15 significance level (*** p < 0·001; ** 0·001 <
p < 0·05; * 0·05 < p < 0·15)
Location
Ground 
vegetation
cover
Local gully
bed slope
Upstream
drainage area
Downstream
change in A2·1S2·25 
Deleg
Burgay
Carmenjadan 0·59** 0·43*
Monjas 0·36*
Carmenjadan1 0·68*
Carmenjadan2 0·57*
Jadan 1 0·64*
Jadan 2
Mosquera 1 0·81**
Mosquera 2
Quingeo 0·92*** –0·11*
Sanmiguel 1 0·73**
Sanmiguel 2 –0·74** 0·81** –0·59**
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confirms the hypothesis put forward by Rey (2003), who
stated that revegetation of steep gully beds can reduce sediment
yield at the outlet of the gully systems and therefore play an
essential role in controlling gully erosion. Gully bed vegetation
decreases the susceptibility of gully channels to channel
incision by reducing flow velocity and minimizing scouring
(Viles, 1990; Prosser and Slade, 1994). As flow velocities fall,
sediment is deposited forming an ideal environment for new
vegetative growth enhancing gully stabilization. From our
statistical analysis it is clear that vegetation cover of the gully
bed is the primary factor explaining variations in sediment
transport capacity and short-term sedimentation rates (1 to
15 years) between the gully systems.
No other controlling variables on gully bed sedimentation
could be identified. Nevertheless, other factors such as
vegetation community structure may also be important. The
effectiveness of natural vegetation for gully bed sedimentation
and stabilization depends not only on the health and structural
strength of plant roots, stems and leaves, but also on the plant
community composition. Healthy and vigorous canopy cover
enhances the resistance to the shear stress of concentrated
flow, and dense and strong plant root systems improve the
stability and infiltrability of the gully surface (Li et al., 1991,
1992). Vegetated buffer zones that include various plant species
(trees, shrubs, herbs and grasses) are particularly effective in
trapping sediment. This was also observed by Lee et al.
(2000) and Daniels and Gilliam (1996) for vegetated riparian
buffers. They found that buffer strips composed of grasses
and shrubs with distinct but structurally complementary root
systems are significantly more effective in reducing sediment
loads.
A factor that also should be considered is the temporal
evolution of vegetation cover in the gully bed and on the
hillslopes. In this study, we took the present vegetation cover
of the gully bed as an explaining variable, but it is clear that
the cover percentage may have varied considerably over the
time. No information about the dynamics of the interaction
between sedimentation rate and vegetation cover is available
at present. As we have no quantitative information on sediment
production rates for different land-cover types on the hillslopes,
we have not included temporal changes in land cover on the
slopes in our analysis. However, it is clear that such changes
may affect the amount of sediment that is supplied to the
gully bed. The strong linear relationship between present-day
gully bed vegetation cover and mean short-term sediment
deposition volume suggests that, as a first approximation, a
linear increase of sediment deposition with increasing vegeta-
tion cover through time may be assumed. However, it is not
known how vegetation cover itself evolves through time. This
may be highly non-linear due to positive feedbacks between
vegetation growth and gully bed deposition. If the gully bed
vegetation cover would decrease, e.g. by increased grazing
pressure, sediment release may not be linearly related to the
decrease in vegetation cover as roots may stabilize sediments
for a long time after the removal of superficial vegetation
elements.
Importance of vegetated gully beds as sediment sinks
Although our measurements do not allow us to establish total
sediment budgets as they do not account for all sources, sinks
and outputs of sediment in these drainage basins, they clearly
highlight the importance of vegetated gully systems as sediment
sinks in recovering mountainous catchments. For 5 of the 17
monitored catchments, the volume of sediment stored in
vegetated gully systems represents a considerable fraction
(≥20%) of the total sediment generated in the system.
Furthermore, the sediment storage ratio does not represent
the full effect of vegetation recovery on sediment production
and transfer in gully systems. The presence of vegetation in
the gully bed also prevents the gully bed from further eroding.
A major sediment source thus disappears when the gully bed
is stabilized (Poesen et al., 2003). Therefore, the total reduction
in sediment yield by gully bed vegetation is likely to be higher
than the reduction in yield due to gully bed sediment
deposition alone.
Our findings may have implications for models of landscape
evolution. Over very long time spans, simple topographically
driven models may be sufficient to predict patterns of sediment
production and transport. On short- to medium-term time
spans, vegetation dynamics, and especially spatial variations
in vegetation recovery (or degradatation), may have an over-
whelming control on sediment mobilization and sediment
fluxes. Models operating over decadal and centennial time
scales should therefore not only account for vegetation
dynamics but also for its distribution over the landscape. The
regeneration of vegetation on gully beds not only reduces (or
even stops) erosion of the gully bed but also has a drastic
effect on the connectivity between upslope sediment sources
and the river systems. As gully bed stabilization following
vegetation restoration is a relatively recent phenomenon in
Figure 8. Scatterplot of the mean sediment deposition volume per unit gully length (m³ m–1) against the downstream change in A2·1S2·25 for the
steep, unvegetated gully of San Miguel2.
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this region, further research is needed to evaluate the effective-
ness of vegetation for gully bed deposition and storage on
longer time spans including extreme events.
Conclusions
Field measurements from 138 steep gully segments with strong
variations in vegetation cover show that gully bed vegetation
is the most important factor in promoting short-term sediment
deposition and gully stabilization. Topographical effects are
only clear in gullies that are almost devoid of vegetation: in the
absence of any ground vegetation cover, bare steep gullies
become very efficient pathways of sediment transport and
sediment deposition occurs only when the sediment transport
capacity drops significantly by a strong decrease in local gully
slope. Our data indicate that the establishment of herbaceous
and shrubby vegetation in gully beds gives rise to the formation
of vegetated buffer zones, which enhance sediment trapping
in active gully systems in mountainous environments. Vegetated
buffer zones modify the connectivity of sediment fluxes, as
they reduce the transport efficiency of gully systems, which
then evolve from sediment sources to sediment sinks. First
calculations show that gully bed deposition in response to
gully revegetation can significantly alter the overall sediment
budget of recovering mountainous catchments. Estimates of
potential sediment storage in vegetated gully systems show
that significant levels of sediment deposition can be achieved.
Our findings highlight the potential of relatively small, but
well-focused revegetation programmes to reduce the transfer
of sediment generated in the upstream area to the river system
and have implications for the geomorphological modelling of
landscapes recovering from a human or climatically induced
degradation phase.
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